Positively charged counterions drive RNA molecules into compact configurations that lead to their biologically active structures. To understand how the valence and size of the cations influences the collapse transition in RNA, small-angle X-ray scattering was used to follow the decrease in the radius of gyration (R g ) of the Azoarcus and Tetrahymena ribozymes in different cations. Small, multivalent cations induced the collapse of both ribozymes more efficiently than did monovalent ions. Thus, the cooperativity of the collapse transition depends on the counterion charge density. Singular value decomposition of the scattering curves showed that folding of the smaller and more thermostable Azoarcus ribozyme is well described by two components, whereas collapse of the larger Tetrahymena ribozyme involves at least one intermediate. The iondependent persistence length, extracted from the distance distribution of the scattering vectors, shows that the Azoarcus ribozyme is less flexible at the midpoint of transition in low-charge-density ions than in high-chargedensity ions. We conclude that the formation of sequence-specific tertiary interactions in the Azoarcus ribozyme overlaps with neutralization of the phosphate charge, while tertiary folding of the Tetrahymena ribozyme requires additional counterions. Thus, the stability of the RNA structure determines its sensitivity to the valence and size of the counterions.
Introduction
Like proteins, RNA molecules adopt well-defined three-dimensional tertiary structures that are essential for their biological activity. The native tertiary structure is specified by a large number of favorable interactions, such as base stacking and hydrogen bonds, but opposed by the loss of chain entropy and by electrostatic repulsion of the phosphates.
Because RNA is a densely charged polyanion, cations condense around the RNA, reducing the electrostatic repulsion between the phosphate groups and permitting attractive interactions to drive collapse of the RNA chain. After counterion condensation, there is a substantial reduction in the RNA's radius of gyration, R g , that coincides with a shortening of the persistence length 5 and the initial formation of tertiary structure. [6] [7] [8] [9] [10] The folding of RNAs in the presence of different types of counterions has been studied by both experiment and simulation. [11] [12] [13] [14] Small and highly charged cations drive nucleic acid condensation more effectively than do monovalent ions or ions with a large excluded volume. [15] [16] [17] First, multivalent ions condense more strongly around the RNA and neutralize a greater fraction of the RNA's negative charge. 18 Second, small ions pack more efficiently around the RNA than large ions. [19] [20] [21] In accord with these principles, the folding free energy of the Tetrahymena group I ribozyme decreases linearly with the charge density of the counterions, with the folded RNA being most stable in small divalent ions such as Mg 2+ . 22 Coarse-grained molecular simulations and experiments in which metal ions are replaced with polyamines showed that this correlation depends primarily on the valence and size of the counterions and not on site-specific interactions between the ions and the RNA. [19] [20] [21] [22] These nonspecific "polyelectrolyte effects" minimally include the electrostatic attraction of counterions to the RNA, interactions between condensed counterions, and the displacement of co-ions from the vicinity of the RNA. 23 The irregular structures of certain RNAs also create opportunities for site-specific metal ion binding and the chelation of tightly bound ions (e.g., Refs. [24] [25] [26] [27] [28] , but the net free energy gained from such interactions is diminished by the large and unfavorable free energy of ion dehydration. 4 The Tetrahymena L-21 ribozyme forms its native structure through metastable intermediates, in which one domain of its tertiary structure (P4-P6) is folded, 29, 30 while the other domain (P3-P9) is partially mispaired. 31 When the ribozyme is refolded in the presence of Mg 2+ , the formation of these folding intermediates correlates with several transitions in which the average R g becomes smaller. 10, 32 By contrast, the smaller thermostable group I ribozyme from the bacterium Azoarcus sp. B72 folds via compact intermediates (I C ) that resemble the native state. 33, 34 The collapse transition from the unfolded state (U) to I C , which occurs in 0.3-0.4 mM MgCl 2 , coincides with sequence-specific assembly of the core helices. 9 A second transition at 2-3 mM MgCl 2 from I C to the native state (N) correlates with the onset of ribozyme activity. 33 To address the importance of polyelectrolyte effects versus sequence-specific interactions of metal ions with the RNA, we compared the equilibrium collapse transitions of the Azoarcus and Tetrahymena ribozymes in the presence of various metal cations, using small-angle X-ray scattering (SAXS). The effects of counterions on folding of these ribozymes were previously measured using native gel electrophoresis or biochemical assays. 18, 20, 22, 29, [35] [36] [37] [38] X-ray scattering at small angles is sensitive to structural features in the range of 1-100 nm and is particularly useful for characterizing unfolded and partially folded states of biomolecules that are not readily studied by NMR or X-ray crystallography. 39, 40 SAXS has been successfully used to monitor changes in the overall size and shape of several ribozymes and tRNA as the RNA folds. 7, 34, 41, 42 Using singular value decomposition (SVD) of SAXS spectra, we report that both ribozymes undergo cooperative collapse transitions to nativelike conformations in all of the counterions tested, consistent with the ability of many different cations to induce folding of the RNA. 18, 29 The cooperativity of this transition depends on the valence and size of the counterion. For both RNAs, collapse correlates with the formation of its tertiary structure, and thus involves specific folding as well as polyelectrolyte effects. However, in the Azoarcus ribozyme, collapse overlaps with neutralization of the phosphate charge by the counterions, while in the larger Tetrahymena ribozyme, these two steps are distinct, consistent with the presence of metastable folding intermediates. [29] [30] [31] We discuss how the sequenceencoded folding pathway and the charge density of the counterions contribute to the cooperativity and specificity of RNA folding.
Results

Change in ribozyme conformation by SAXS
To determine how cations influence the collapse transition (as opposed to tertiary folding), we used SAXS to follow the structure of the Azoarcus and Tetrahymena ribozymes in cations with different charge or size. Figure 1a and c shows the scattering intensity I(Q) for the Azoarcus and Tetrahymena ribozymes as the concentration of Mg 2+ increases from 0.0 to 7 or 5 mM, respectively. The systematic variation in I(Q) in the Q region between 0.008 and 0.11 Å − 1 correlates with the expected decrease in the average size of the RNA and the transition from a stiff coil with no added Mg 2+ to a globule in ≥ 5 mM Mg 2+ . The transition to a globular form was also apparent from Kratky plots of the unfolded and folded RNA, with a pronounced maximum appearing for the folded states of both ribozymes (Fig. S1) .
The scattering curves were inverted to obtain the real space distance distribution functions, P(r), as described in Materials and Methods ( Fig. 1b and d) . As Mg 2+ is titrated to ≥ 5 mM, the maximum value of D max decreases from 200 to 85 Å for the Azoarcus ribozyme, and from 240 to 110 Å for the Tetrahymena ribozyme. Values of D max were systematically varied to obtain the best fits to the experimental scattering curves (see Materials and Methods). In low concentrations of Mg 2+ (b 0.44 mM), the P(r) function shows two maxima, consistent with the two lobes of scattering density, which disappear as the Mg 2+ concentration is increased and the RNAs collapse to a smaller set of compact conformations. The P(r) function was used to calculate R g at each ion concentration. Similar R g values were obtained using the Guinier approximation.
Cooperative counterion-dependent collapse of the Azoarcus ribozyme We previously reported a cooperative transition in the Azoarcus ribozyme from the unfolded form in 20 mM Tris-HCl with R g = 65 Å to a compact form in ≥ 3 mM Mg 2+ with R g = 31 Å, as observed by both small-angle neutron scattering and SAXS. 9, 34 The experimentally determined R g of the folded ribozyme is similar to the value of 31.1 Å 9 calculated from the crystal structure of the Azoarcus ribozyme. 43 The midpoint of the Mg 2+ -induced collapse transition revealed by SAXS (0.34 mM) superimposes on biochemical and spectroscopic measures of helix assembly and can be approximated by a two-state folding model. 9, 34 Although the two-state approximation is accurate near the transition midpoint, 9 it neglects changes in the unfolded ensemble as the Mg 2+ concentration changes and the differences between I C and N. Differences between I C and N were revealed as a small plateau in the Mg 2+ titration at R g = 33 Å just after the main collapse transition, followed by a decrease in R g to 30 Å between 2 and 7 mM MgCl 2 (Fig. 2a) . This additional compaction of the ribozyme, which is barely larger than the uncertainty of the SAXS measurements, occurred in the same Mg 2+ concentration range as the transition from I C to N defined by the onset of splicing activity. 33, 44 We have previously ascribed a gradual change in the scattering function at the beginning of the Mg 2+ titration to a contraction of the unfolded ensemble. 9 Assuming that the main collapse transition between U and I C can be approximated by a two-state model (up to 3 mM MgCl 2 ), the fraction folded RNA at each ion concentration was calculated from R g 2 .
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The midpoint C m and cooperativity n of the folding equilibrium 45 was estimated from the Hill equation [Eq. (4); Materials and Methods]. We take n to represent the change in folding free energy with respect to ion concentration. Using these assumptions, we found the cooperativity of the collapse transition with respect to Mg 2+ concentration was 3.7 ± 0.4 (Table SI) .
We next empirically modeled the decrease in R g (U) by fitting the data at low ion concentrations (below the start of the collapse transition) to a logarithmic function (see Materials and Methods and Fig. S2 ). When this correction to R g (U) was extrapolated across the Mg 2+ titration range, the remaining difference between the unfolded and folded states fit the two-state model extremely well over the entire transition window (up to 3 mM) (Fig.  S2) . The apparent cooperativity of the collapse transition in Mg 2+ increased to 6.5 ± 0.9 (Table 1) . Although the correction to R g (U) is based on a small number of data points and should be regarded with caution, it did not alter the qualitative differences among the counterions.
Counterion valence and size
To probe the contribution of polyelectrolyte effects, we compared the cooperativity of the collapse transition measured by SAXS in monovalent, divalent, and trivalent cations. As expected from previous hydroxyl radical footprinting experiments, 36 the Azoarcus ribozyme was able to fold in all of the ions tested, which were Na (spd 3+ ) (Fig. 2a) . The R g values were similar, and thus the static volume of the native RNA does not depend strongly on the valence or ionic radius of the metal ions compared here. However, a comparison of the P(r) functions for ribozyme folded in the different cations revealed small differences in the average structure of the RNA (Fig. 3a) . Mg 2+ and the other divalent ions produced the most compact and well-folded structure, while K + and spd 3+ produced more asymmetrical P(r) distributions with a slightly larger D max (95-100 Å). The value of D max is an indication of the largest fluctuations in the RNA. The R g of the folded ribozyme was slightly larger (32-33 Å) , R′ g,U = 47 − 13(log C); Ba 2+ , R′ g,U = 59 − 6.4(log C). Fits to individual data sets are shown in Fig. S2 ; parameters obtained without correcting R g,U are given in Table SI . Errors listed in the table are from the statistics of the fit.
a Length of the M-O bond for hydrated ions and the Co-N bond for cobalt hexammine. For spd 3+ , r is half the approximate length of the polyamine.
b Average R g in highest cation concentrations tested. The uncertainty in R g is approximately 1 Å for N and 3-5 Å for U. (Table 1 ). In contrast with multivalent ions, the collapse transition in monovalent ions requires more salt than base-pairing of core helices (50 mM), but instead overlaps with tertiary folding probed by hydroxyl radical footprinting (150 mM). 36 The transitions induced by Na + and K + were also significantly less cooperative (n = 1-2) than those in multivalent ions (n = 3-6.5; Table 1 ). Thus, multivalent cations stabilize compact forms of the RNA much more effectively than monovalent cations.
When titrations in counterions with the same valence were compared, we found that small ions stabilized the compact state more efficiently than large ions, as observed in previous folding assays on the Tetrahymena and RNase P ribozymes and other RNAs 18, 26, 29, 47 and the biochemical footprinting of the Azoarcus ribozyme in divalent and monovalent salts. 36 Folding in Ba 2+ was less cooperative and had a higher midpoint (0.8 mM) than folding in small ions such as Mg 2+ and Ca 2+ (0.5 mM; Table 1 ). Similar differences were observed between Na + and K + . We also found that although the transition midpoints in the polyamine spd 3+ and the smaller metal complex [Co(NH 3 ) 6 ] 3+ were nearly the same, the P(r) functions showed that the RNA was much more extended throughout the collapse transition in spd 3+ (Fig. S3 ). In general, the stability of the I C state in the Azoarcus ribozyme deduced from the change in R g was less sensitive to counterion size than the folded form of the Tetrahymena ribozyme, as discussed below.
Counterion-dependent collapse of the Tetrahymena ribozyme
To further address the effect of counterion size on the collapse transition in RNA, we titrated the Tetrahymena ribozyme with the alkaline earth metal ions Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ . The R g at each ion concentration was obtained from the P(r) functions as described above. In all four divalent ions, the Tetrahymena ribozyme folded in two well-separated transitions as the cation concentration was raised (Fig. 2b) . The R g of the unfolded ribozyme in 20 mM Tris-HCl was 85-90 Å. In 0.5 mM MgCl 2 , the R g reached an intermediate value of ∼ 64 Å. As more ions were added, R g dropped sharply, reaching the minimum value of 38 Å above 1 mM MgCl 2 . The scattering data of the folded state (N) agreed well with the P(r) function and R g = 37.4 Å calculated from the three-dimensional model of the full-length ribozyme 48 using the program CRYSOL. 49 The other divalent metal ions produced a similar folded state with R g = 38-40 Å (Fig. 3b) Fig. S4 ). The midpoints of the U to I and I to N transitions were then calculated from the populations of U and N, respectively ( Table 2 ). Figure 2b shows that the first transition to more compact structures, which is centered on 0.3 mM, is very similar in all four divalent ions. By contrast, the second transition to the native-like folded state (N) is not only more cooperative, but depends much more strongly on the size of the counterion. In the smallest ions (Mg 2+ and Ca 2+ ), this transition has a midpoint of 0.63 mM ion, while in the largest ions (Sr 2+ and Ba 2+ ), it occurs at 1.4 and 1.5 mM ion (Table 2 ). In addition, the folded state formed less cooperatively with respect to Sr 2+ and Ba 2+ concentration than Ca
2+
and Mg 2+ concentration.
SVD of collapse transitions
To estimate the number of intermediates in the collapse transitions of the Azoarcus and Tetrahymena ribozymes, we performed SVD on the scattering intensities at different Mg 2+ concentration for both ribozymes (see Materials and Methods). The minimum number of basis functions, L, needed to describe the scattering data, was determined by reconstructing the scattering profiles using Eq. (7) (see Materials and Methods). The first three basis functions for the Azoarcus and Tetrahymena ribozymes weighted by their corresponding singular values are shown in Fig. S5 .
As illustrated in Fig. 4a and b, just two basis functions were required to reconstruct the experimental scattering curves for the unfolded and folded Azoarcus ribozyme. Only a small improvement in the fit to the unfolded state data was obtained by including a third component. On the other hand, the scattering data for the Tetrahymena ribozyme in low Mg 2+ were only described by three or more basis functions (L = 3) ( Fig. 4c and d) . The presence of an additional component is consistent with the presence of a folding intermediate for the Tetrahymena ribozyme that is less compact than the folded state. The minimum number of basis functions required to describe the scattering data for each ribozyme over the range of Mg 2+ concentrations studied was consistent with the values of χ 2 , which showed a reasonable quality of fit with the reported number of basis functions.
The weighting factors of the basis functions for the Azoarcus and Tetrahymena ribozymes for different Mg 2+ concentrations reflect the folding transition (Fig. 5) . The weighting factor for the dominant basis function U 1 , which is characteristic of the scattering from a globular shape (Fig. S5) , increases sharply through the midpoint of the collapse transition. The weighting factor for the third basis function is close to zero for the Azoarcus ribozyme, consistent with a two-state folding transition (continuous green line, Fig. 5 ). For the Tetrahymena ribozyme, the weighting factor of the third component fluctuates around the midpoint of the collapse transition, consistent with the presence of an intermediate (dashed green line, Fig. 5) . Therefore, the SVD analysis supports our conclusion that the collapse transition of the Azoarcus ribozyme can be approximated by two states, while that of the Tetrahymena ribozyme involves at least one equilibrium intermediate, as expected from previous biochemical and timeresolved SAXS experiments on the Tetrahymena ribozyme. 29, 30, 32 Persistence lengths from P(r)
Single-molecule experiments on a number of RNAs and analyses of many structures from the Protein Data Bank show that a worm-like chain (WLC) model describes the global shape of RNA molecule. 50, 51 We extracted the persistence length, l p , from the SAXS data by fitting the distance distribution function P(r) for r N R g to the WLC model in Eq. (10) . 5 This model fit the data at large r extremely well, allowing us to obtain l p for all the counterions.
The persistence lengths of the folded and unfolded RNA are essentially the same in all counterions. Regardless of the counterion, the persistence length decreased from about 20 Å at low counterion concentrations to about 10 Å in the folded state (Fig. 6) . The value l p ≈ 10 Å in the folded state was also obtained by fitting the forceextension curves for RNA molecules to the WLC model. 50 At the midpoints of the transitions (Table 1) , l p is 14-17 Å. These values are closer to l p of the unfolded state, showing that even in the transition region, the RNA chain remains somewhat stiff (larger l p ), and hence the probability of forming tertiary interactions is small. Consequently, the transition to the folded state likely occurs closer to the unfolded structure, particularly in low-charge-density (ζ) ions (spd 3+ and Ba 2+ ) in which l p ∼17 Å at C m .
Discussion
We have used SAXS to compare the collapse transition of the Azoarcus and Tetrahymena ribozyme in different cations. Although SAXS cannot reveal structural details, such as the conformation of an active site, it provides a physical measurement of the average chain conformation in solution. The equilibrium folding pathways of the Azoarcus and Tetrahymena ribozymes monitored by SAXS are consistent with previous biochemical and spectroscopic studies of these RNAs. 52, 53 By comparing the compaction of these RNAs in different ions, we obtain further insight into the roles of RNA sequence and counterion size and valence in the folding process.
The smaller and more thermostable Azoarcus ribozyme goes through a cooperative collapse transition from an expanded state U to a compact intermediate I C whose dimensions are barely distinguishable from those of the native (N) ribozyme (Fig. 7) . 9, 34 Mutational studies showed that the collapse transition of this ribozyme coincides with the establishment of tertiary interactions, 9 helping to explain why I C is nearly as compact as N. Since the SVD analysis demonstrates that only two components are needed to reconstruct the scattering data across the Mg 2+ titration, other conformational states must be either unpopulated or have scattering functions similar to those of U and N (or U and I C ). Although the Azoarcus ribozyme is only biologically active in Mg 2+ , previous footprinting data showed that other metal cations stabilize a folded conformation (I F ) that contains most of the expected tertiary interactions. 36 This explains why the average structure of the folded ribozyme measured by SAXS is so similar in different ions.
Although the collapse transition for the Azoarcus ribozyme can be treated as a two-state folding reaction, this approximation is imperfect over the lowest range of ion concentrations tested (Fig. 7) . The extent to which the two state approximation breaks down can be assessed using ΔP(r|C) = |[P (r) − (ϕ U P U (r) + (1 − ϕ U )P F (r))]| where P U (r) and P F (r) are the distance distribution functions at low and high counterion concentrations, respectively. As an illustration, we calculated ΔP(r|C) for Mg 2+ and found that ΔP(r|C) is not negligible, especially around the transition midpoint (Fig. S6) . This suggests that structures other than those in the U or I C states also determine the cooperativity of the collapse transition. Alternatively, it is likely that there are changes in the unfolded state as the counterion concentration changes, so that the assumption that P U (r) does not depend on counterion concentration is not strictly valid.
In contrast to the Azoarcus ribozyme, the ion titrations and SVD analysis revealed at least two well-separated equilibrium folding transitions for the Tetrahymena ribozyme in divalent metal ions, consistent with many experiments showing that this RNA folds through metastable, non-native intermediates. 52, 54 The initial transition produces intermediates (I) that are much less compact than the native RNA (R g ≈ 64 Å), while the second and more cooperative transition leads to a folded state (N) that has the R g expected for the native RNA (38 Å) (Fig. 7) . In the SVD analysis, the third component contributes to the scattering intensity near the transition midpoint, as expected for an intermediate (Fig. 5) .
It has been proposed that the first transition of the Tetrahymena ribozyme corresponds to increased flexibility (and thus contraction) of the unfolded RNA after neutralization of the phosphate charge, while the second transition corresponds to the formation of tertiary structure. 8, 10 In previous SAXS studies, a transition to R g ∼ 45 Å correlated with the formation of stable tertiary interactions in the independently folding P4-P6 domain, and to a lesser extent, in other peripheral domains of the ribozyme. 38 Time-resolved SAXS experiments at 25°C uncovered kinetic intermediates with values of R g between 60 and 45 Å 8,10,32 that correlate with folding intermediates detected by footprinting and other biochemical probes. 30, 55, 56 In our titrations, the folded state has R g = 38 Å, which we infer requires proper folding of the ribozyme core. The lower R g obtained here under equilibrium conditions, compared with earlier SAXS studies, may be due to frequent mispairing of the core and the very long times required to refold the Tetrahymena ribozyme at low temperatures. 31, 57 We propose that to a large extent, polyelectrolyte effects drive both RNAs toward more compact structures as the counterions neutralize the negative charge on the phosphates. However, the different stabilities of the intrachain interactions in the two RNAs produce different outcomes (Fig. 7) . For the more stable Azoarcus ribozyme, the dominant collapse transition occurs with the assembly of core helices and initial tertiary interactions between domains, 9 thus ensuring the formation of nativelike intermediates. Hence, specific collapse to I C occurs in the same window of counterion concentration as the initial charge neutralization of the unfolded ensemble.
In the Tetrahymena ribozyme, the catalytic core is less stable and requires more counterions to fold correctly. Thus, charge neutralization initially produces an intermediate ensemble that is less compact (R g ∼ 64 Å) than the native state (R g = 38 Å). In keeping with this idea, the first transition leading to I reaches its midpoint (0.3 mM) when the number of positive charges from the counterions (0.6 mM) is half the number of phosphodiesters in the sample (1.2 mM). The transition to I appears less specific than the transition leading to N in that it is weakly cooperative with respect to ion concentration and insensitive to the size of the counterion. This lack of specificity is consistent with the fact that early folding transitions of the Tetrahymena ribozyme are not affected by mutations that destroy key tertiary interactions in the RNA. 8, 38 The second transition to the native state of the Tetrahymena ribozyme is not only more cooperative than the first transition, but very sensitive to the size and valence of the counterion. This result agrees with previous studies on the Tetrahymena ribozyme using native gel electrophoresis, in which the stability of the folded RNA increased with the counterion charge density. 18, 20 Although the folding equilibria measured by SAXS change less steeply with ion concentration (smaller n) because of the higher RNA concentration used for SAXS studies, the trends among the ions are the same in both types of experiments. The sensitivity of the Tetrahymena ribozyme to counterion size may be augmented by structural motifs, such as P5abc, that are specifically stabilized by Mg 2+ . 24, 58, 59 Since specific collapse transitions produce compact, well-folded structures, they are expected to depend more strongly on the excluded volume of the counterions and the strength of their interaction with the electrostatic field of the RNA. 22 By contrast, nonspecific collapse depends on the valence of the counterions, as expected from polyelectrolyte effects, but is insensitive to their size. The importance of counterion charge density in RNA folding transitions can be observed in other RNAs. For example, the catalytic domain of the Bacillus subtilis RNase P ribozyme, which also folds through I's that are nearly as compact as N, is more stable in Mg 2+ and Ca 2+ than in Sr 2+ and Ba 2+ . 47 The collapse transition in the Azoarcus ribozyme also depends on counterion size and valence, consistent with a native-like I C . However, it is less sensitive to differences among multivalent ions than the Tetrahymena ribozyme. This difference in the two RNAs may be due to the greater stability of the Azoarcus folding intermediates, which allow the core helices to assemble correctly before tertiary folding is complete. Consequently, the Azoarcus ribozyme achieves its native topology earlier in the folding process than the Tetrahymena ribozyme.
While the SAXS data reported here agree well with biochemical and spectroscopic studies of the folding transitions, two interesting discrepancies in the results obtained by these methods raise questions for future studies. First, we find that R g and P(r) for the folded state are similar in all of the counterions tested, yet the electrophoretic mobility of the folded RNA is much greater in Mg 2+ than in Sr 2+ . 22 The folded RNA may be more flexible in counterions with low charge density. 60 It will be interesting to know how counterions influence the RNA dynamics. Both the Tetrahymena and RNase P ribozymes refold more rapidly in Ba 2+ than in Mg 2+ . 47 In conclusion, these and other studies show that polyelectrolyte effects provide a strong driving force for RNA compaction, but sequence-specific interactions within the RNA determine whether it forms a specific, compact structure. For group I ribozymes (and likely many other RNAs), the native fold is more compact than nonnative folds. Because structures that are more compact are more sensitive to the counterion valence and size, the counterion effects are amplified when the RNA can fold specifically. This suggests how ion mixtures and even neutral osmolytes may fine-tune the balance between competing structures in RNA.
Materials and Methods
Sample preparation and SAXS experiments
The Azoarcus ribozyme (195 nt) and Tetrahymena L-21 Sca ribozyme (389 nt) were prepared by T7 transcription as previously described. 34, 62 After gel purification, the RNA was concentrated and exchanged multiple times with 20 mM Tris-HCl (pH 7.5). SAXS measurements [0.4 mg/ml RNA in 20 mM Tris-HCl (pH 7.5)] were carried out at the Advanced Photon Source at ID18 (BioCAT) as previously described. 9 The Azoarcus ribozyme was equilibrated for 5 min at 32°C with each addition of titrant before acquisition of data. The Tetrahymena ribozyme was equilibrated for 15 min at 50°C, then cooled to room temperature (N 5 min) before the acquisition of data at 32°C.
Data analysis
Raw data were corrected for detector sensitivity and geometrical factors and circularly averaged. Following the subtraction of background scattering from the buffer, scattering curves were inverted using GNOM 63 † to obtain the normalized distance distribution function P(r):
in which the scattering vector is Q = (4π/λ)sin(θ), λ is the wavelength and 2θ is the scattering angle. P(r) is assumed to differ from zero only in the interval
For a given D min and D max the calculated I(Q) is:
We determined D max by iteratively optimizing the goodness of the fit between the experimental scattering data and the calculated scattering values, I calc . The optimum value for D max is sensitive to the Q range, which in this study was 0.008-0.11 Å − 1 . Over this range the data are smooth.
The square of the radius of gyration, R g , was calculated from the second moment of P(r) using:
The R g values from Eq. (3) agreed well with those calculated by the Guinier approximation, validating the choice of D max .
Folding equilibria
For the Azoarcus ribozyme, the fractions unfolded (ϕ U ) and folded (ϕ N ) RNA at each ion concentration were calculated from R g 2 = ϕ U R g,U 2 + ϕ F R g,N 2 , in which R g,U and R g,N are the radii of gyration for the unfolded and folded RNA.
7 R g (U) was assumed to vary with ion concentration, R g (U) = α − β log C, in which α and β are constants obtained from the data at low C (see Fig. S2 ). The midpoints and cooperativity of the folding equilibria † http://www.embl-hamburg.de/ExternalInfo/ Research/Sax/ with respect to ion concentration 45 were obtained by fitting ϕ N to the Hill equation:
in which C m is the midpoint, n is the Hill constant, and ϕ N (0) and ϕ N (max) are the minimum and maximum values of the function, respectively. For the Tetrahymena ribozyme, the data were fit to a threestate model (U⇔I⇔N) in which R g 2 =ϕ U R g,U 2 +ϕ I R g,I 2 +ϕ F R g,N 2 , and ϕ U , ϕ I , and ϕ N are the fractions of unfolded, intermediate, and folded Tetrahymena ribozyme at each ion concentration. The ion-dependence of folding is described by the partition function
in which C is the counterion concentration, C i are reference concentrations and n i are cooperativity parameters that define the statistical weights of the I and N species relative to the U state. 44 These parameters and R g,I were evaluated by fitting the experimental R g 2 versus counterion concentration to: 
(see Table SII ). The midpoints of the U to I and I to N transitions (Table 2) were obtained by calculating ϕ U , ϕ I , and ϕ N from the parameters of the three-state model and fitting ϕ U versus C and ϕ N versus C to Eq. (4).
Singular value decomposition
We used SVD to assess the minimum number of components needed to describe the scattering data, as previously described for SAXS data on proteins. 64 Each column of matrix A(Q,k) represents the scattering intensity, I(Q), measured as a function of Q at counterion concentration k. We verified that the order of scattering intensities in the matrix A(Q,k) was irrelevant for the final results. The data were represented as A = USV T , in which S is a diagonal matrix of singular values. U(Q,k) forms a complete set of basis functions in which the scattering spectra can be constructed as a linear superposition of the basis functions at each k. Each column of the product of SV T determines the Mg 2+ concentration-dependent coefficients corresponding to each basis function. The scattering profile at each counterion concentration, k, can be approximated as:
where L is the minimum number of components needed to represent the scattering spectra, U j is the jth basis function, and the dependence of U j on concentration k is depicted by s j V kj . The minimum number of basis functions that effectively represent the data was determined based on the shape of the basis functions, the number of significant singular values, the autocorrelations of U, and the value of chi-squared, χ 2 , which is the deviation between the experimental and SVD constructed scattering data. Chisquared was computed from:
in which σ i is the error associated with the scattering intensity at each momentum transfer, Q. The autocorrelation of U was calculated as:
In assessing the goodness of the fits, both the autocorrelation of U and χ 2 values should be close to unity, although the exact value is not critical. 64, 65 Persistence length
The persistence lengths l p were extracted from the distance distribution functions P(r) obtained from the SAXS data, as previously described. 5 The P(r) curves at each ion concentration were fit to the theoretical expression for the end-to-end distance distribution of a wormlike chain (WLC), for large x = l p r/R g 2 , in which:
